The optical absorption of hydrogenated amorphous carbonfilms (a-C:H) was measured by spectroscopic ellipsometry. The a-C:H films were deposited at different substrate temperatures by rf-plasma of methane. A volume distribution of graphitic cluster size was assumed to reproduce the experimental spectra of the absorption coefficient. The changes in the absorption coefficient and the optical gap, induced by deposition temperature, have been interpreted in terms of changes in the graphitic cluster size of the network. The increase in the deposition temperature produces an increase in the size of the graphitic clusters.
Among the different interpretations of the amorphous carbon microstructure, '-' the model proposed by Robertson and O'Reilly7~8 allows the interpretation of the optical measurements of the hydrogenated amorphous carbon (a-C:H) films with good agreement between theory and experiment. In this microstructural model, they considered that the-most stable arrangement of sp2 sites is in compact clusters of fused sixfold rings, which are bound by sp' or sp3 hydrogen and sp3 carbon sites.
The existence of an optical gap in hydrogenated amorphous carbon (a-C:H) can be explained by T-bonded clusters showing sp2 coordination. 7'9"o This sp2 coordination is characteristic of the graphitic structures, which have been experimentally found by infrared (IR) analysis in a-C:H films." In addition, a structure of sp2-bonded carbon clusters surrounded by sp3-or sp2-bonded hydrogen could explain the origin of the 1600 cm -' vibrational band in resonant raman scattering analysis, which suggests the presence of clusters of different sizes.i2-14 Recently, results of elastic recoil detection analysis. (ERDA) of irradiated samples of a-C:H have been interpreted in terms of graphitic clusters with different sizes! and also, the results referring to the carbon bonding in a-C:H, studied by nuclear magnetic resonance (NMR) spectroscopy, are consistent with a structure of graphitic clusters.16
Taking into account the role of the graphitic clusters on the a-C:H, Bredas et a1.l' have reached similar conclusions concerning the origins of the optical gap. In this way, the electronic properties of a-C:H films have also been explained as being governed by a structure of graphitic clusters.
The optical gap of a-C:H is relatively 10w;**'~ not only is it much smaller than the direct gap of pure tetrahedritally bonded carbon (7.3 eV), but it is also lower than the gap in the basic r systems, ethylene and benzene (5.8 eV>. This has been attributed to the fact that the optical band gap of both a-C and a-C:H depends on their degree of medium-range order, rather than just on their short-range order.8 The only explanation for optical gaps lower than 2.0 eV is the existence of fused-ring aromatic structures, the width of the optical gap varying inversely with the sp2 cluster size. lo
In order to verify the evolution of the optical absorption of the a-C:H thin films, we have considered the contribution of. a distribution of graphitic clusters to the absorption coefficient a! through the changes induced by the deposition temperature TP Ts is an important parameter of the rf plasma deposition of a-C:H.r8 Earlier studies pointed out the effect of the Ts on the sp" and sp3 coordination ratio and on the hydrogen content.3"9 The reported effects indicate that the a-C:H films obtained at high Ts show low refractive index y1 and high absorption coefficient CL~***~~~ In order to study the optical absorption of a-C:H, a series of films was prepared by rf glow discharge decomposition of methane2' at different substrate temperatures in the range from 20 to 400 "C. The technological conditions during the deposition process were: 60 W of rf power, 2.5 Pa of pressure, and 10 seem of flow rate.
The optical spectra of the a-C:H thin films were obtained by a spectroscopic rotating analyzer ellipsometer (RAE) in the range 1.5-4.5 eV. '8,22 The system is controlled by a computer which calibrates the instrument following the residual method proposed by Aspnes.23 The light beam was set at 70.02"~0.01" of incidence angle. The ellipsometric angles (Y,A) were calculated from a Fourier analysis of the detected light intensity. In order to reduce the effects of electrical and mechanical noise, the measurements were averaged over 120 rotations of the analyzer, providing a precision of f 0.1" in the ellipsometric angles.
The absorption coefficient (r: showed Taut's behavior, for values above lo4 cm -',24 which is expressed by:
where Eg is the optical gap energy and B is a constant which get values between 5. lo4 and 9. lo4 (cm -'/eV) for these a-C:H films. The optical gap obtained from the Taut expression presented values from 1.1 eV (at 20 "C of T,) to a very low value near 0.1 eV (at T, = 370 "C) .
In order to explain the measured absorption front dependence on energy, we have considered a size volume distribution of graphitic clusters in an optically transparent matrix of amorphous material. Under this assumption, the energy dependence of the optical absorption could be controlled not only by clusters of average size but rather it could be determined by the larger clusters.8 Previous optical studies have considered the contribution to the optical absorption of the larger clusters '5 or an exponential distribution of different sized clusters on the network;25 this latter leads to a better agreement between experimental and calculated absorption line shapes. We have tried to apply this distribution to our series of a-C:H films, obtaining a fit only in a special case at low substrate temperature.
However, considering a volume fraction fl and an absorption coefficient aN(E) associated to each cluster with N rings, the total absorption a(E), corresponding to the total number of clusters, will be expressed as: (2) NL being the number of rings in the larger cluster of each film. The agreement between the experimental and calculated absorption has been obtained by assuming a volume fraction of the clusters of N rings as follows:
f :-ANe -N/Nmax, (3) where N,, represents the most abundant cluster and A is a constant.
In this way, in a film with graphitic clusters glued together, the optical gap is mainly determined by the size of the larger graphitic species and the first electronic excitations are completely localized on the graphitic parts.5.10 This allows us to consider: N~lf:=l.
(4)
The Taut expression corresponding to the optical absorption of each kind of cluster is:
where BN is proportional to the oscillator strength associated to N carbon rings. The gap energy can be expressed as a function of N by means of the expression: E,=E,d fi (6) where Ego = 2/3 is the gap energy associated to one only ring cluster, whose theoretical value is 5.8 eV.*" Figure 1 shows the agreement between the energy dependence of the experimental data and the calculated values of the absorption coefficient a. The results indicate a formation of larger graphitic clusters as deposition temperature increases. The dependence of size of the larger clusters on the deposition temperature shows an exponential behavior ( Fig. 2) : N= NoerdrO + N, 17 A (for films grown at room temperature) to 55 A for the film obtained at 370 "C!. This results supports the general idea of a graphitization process induced by an increase in the deposition temperature. Furthermore, the number of rings in the clusters is consistent with an experimental gap in the range 0.4-0.7 eV.s
The calculated values of the optical gap Ego varied slightly for each sample, showing values around 6 eV for all the samples grown at T, below 34o."C, and decreasing towards 4 eV for T, = 370 "C (Fig. 3 ) . These values agree reasonably well with the theoretical value (5.8 eV) reported by Robertson and O'Reilly.' Considering that the gap depends primarily on the concentration and disposition of the rr states, these changes could be attributed to the different strength of the samples.
In conclusion, the analysis of the ellipsometric measurements can provide knowledge of the a-C:H microstructure. The assumed size distribution allows the determination of the microstructural parameters of the graphitic clusters. The calculated clusters size yields an explanation of the low values of the optical gap, and the calculated value of IIs,, is quite consistent with the theoretical value of 5.8 eV. Finally, carbon cluster size increases exponentially with deposition temperature.
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